Muon spin spectroscopy and in particular the avoided level crossing technique is introduced, with the aim of showing it as a very sensitive local probe for electron spin relaxation in organic semiconductors. Avoided level crossing data on tert-butyl-ethynyl anthradithiophene, tri-methyl-silyl-ethynyl anthradithiophene and tri-ethygermyl-ethynyl anthradithiophene at different temperatures are presented. This series of molecules have an identical anthradithiophene backbone, but we have performed a targeted substitution on the central atom of the two side groups, of C, Si and Ge. We extracted the electron spin relaxation for the three molecules of this series and discuss them in the context of previously published results.
Introduction
Organic semiconductors are extremely promising materials for spintronics thanks to their long spin coherence times. However, spin phenomena in these materials are not yet fully understood, partly due to the lack of suitable characterisation techniques, since those extensively used to characterise inorganic semiconductors are not always applicable to organic materials [1] [2] [3] . Muon spin relaxation (mSR) has been proven to be an applicable probe in this field, as it is sensitive to spin dynamics in organic semiconductors on a molecular length scale [4] [5] [6] [7] . In organic semiconductors the implanted muons form a hydrogen-like system, called muonium, by capturing an electron. In muonium the muon and electron spins are coupled through hyperfine interaction. As a consequence relaxation on the electron spin can induce changes in the muon spin, which can be detected. By performing targeted chemical substitutions, it is then possible to identify the underlying mechanism of electron spin relaxation in the series of molecules, which has been a matter of debate for some time [5] .
Muon spin relaxation and avoided level crossing
In mSR experiments, 100% spin polarised muons are implanted in the sample, and as part of its thermalisation process in the material, it takes part in a series of electron capture and loss processes, thermalising as an interstitial positive muon or as a hydrogen-like species called muonium (Mu) [8] [9] [10] . This latter species can then chemically bind to an unsaturated organic molecule, in a similar way to hydrogenation, and is an extremely sensitive probe of spin dynamics intrinsic to the molecule [5] [6] [7] [8] [9] [10] . If an external magnetic field is applied in the direction of the initial muon spin, as it is in so called longitudinal field experiments, the Hamiltonian for muonium can be written as
where g m and g e are the muon and electron gyromagnetic ratios, B is the applied longitudinal field, I and S are the muons and electrons spins and A is the hyperfine tensor [10] . The energy levels as a function of the applied magnetic field that originates from this Hamiltonian for an isotropic hyperfine interaction are shown in the Breit-Rabi diagram in Fig. 1(a) .
At high enough fields the electron and muon spins are decoupled and the state of the system can be described by products of pure Zeeman states for the electron and muon. At a high field which depends on the value of the hyperfine coupling constant, two of the levels should cross, as can be observed in Fig. 1(b) be treated as a perturbation (for example, from interactions with nuclei or cross-relaxation effects), the correction to the energies up to second order is given by
where E 0 n and C n are the n-th zero order energy and eigenstate and the denominator becomes tiny when the two unperturbed levels approach [9, 10] . The effect of this correction to the energy levels is to avoid the crossing (see Fig. 1(b) ). Close to this avoided level crossing (ALC), the states are no longer pure Zeeman states, but they are instead mixtures of states corresponding to different values of the muon magnetic quantum number. As a consequence a loss of polarisation of the muon can be observed [8, 9] . ALCs can be classified by the change in total quantum number M. If the hyperfine interaction is isotropic, the most commonly observed ALC is the one with DM = 0, that corresponds to a muon-nuclear spin flip-flop. However in solids the most intense crossing is DM = 1, corresponding to a muon spin flip and is observed only when anisotropy in the interaction is present. DM = 2 transitions exist, but they are usually very weak and narrow, and are generally not observed experimentally [10] . A simulation of the muon's polarisation through this avoided crossing, from here on in termed an ALC curve, is shown in Fig. 1(c) . The shape and position of this ALC curve depends on the hyperfine coupling constants (in solids, both isotropic and anisotropic). However, the presence of an electron spin relaxation rate (eSR) also has an effect on the ALC curve, as can be seen in Fig. 1(c) . For low values of the eSR ( 5 MHz), the ALC position with respect to the x axis (magnetic field) and the general ALC shape do not change as a function of the eSR but the ALC amplitude (loss of polarisation) enormously increases. We have modelled the effect of eSR through a density matrix formalism, defined as
where p(t),p e (t) and P jk (t) are the muon, electron and mixed polarisations, respectively. The time evolution of r(t) is described by the equation
from which the time dependent polarisations can be obtained [11] . The general solution can only be determined numerically. If an electron spin relaxation mechanism is present in the system its effect can be taken into account phenomenologically by introducing extra terms Àlp e and ÀlP jk in the differential equations for the polarisations obtained from Eq. (4) [12] : dp e dt
Experimental method
Tert-butyl-ethynyl anthradithiophene (TBu-ADT), tri-methylsilyl-ethynyl anthradithiophene (TMS-ADT) and tri-ethygermylethynyl anthradithiophene (TGe-ADT) were synthesized and purified according to a published procedure [13, 14] and were purified by repeated recrystallisation from dichloromethane/ ethanol. The only change in the chemical structure is the substitution of the central atom in the side-group with C, Si and Ge. They each share a common back-bone, which is a number of fused rings mainly comprising carbon and hydrogen, with the exception being the end rings, which contain S. Their structures are shown in the inset of Fig. 2(c) . Analogous to the previously published work performed on the substituted triethylsilylethynyl (TES) and metal hydroxyquinolate (Xq3) series [5] , performing targeted chemical substitutions can in principle identify the underlying electron spin relaxation mechanism.
Muon experiments were performed at the HIFI spectrometer at ISIS, Rutherford Appleton Laboratory. About 200 mg of the three materials were placed in an envelope (17 mm Â 17 mm) made of 25 mm thick silver foil (99.99 % pure). Another layer of silver foil was placed in front of the sample as a degrader, to assure that the muons stop in the sample. The software Wimda [15] was used to extract the time-integrated data and plot the ALCs as a function of applied field. A polynomial background was subtracted and the ALCs were subsequently modelled using the software Quantum, with the eSR modelled using the density matrix formalism described in the previous section [16] . The ALC curve simulations presented in the following are performed considering a muonelectron system. No nuclei are taken into account as their influence was discovered to be negligible [7] . Further details of the modelling can be found elsewhere [5] [6] [7] 16 ]. Fig. 2 shows the ALCs measured for the three samples at 10 K and 300 K. In all of the samples, four individual ALCs were observed, although we anticipate there to be six positions on the molecule that the muonium could bond to. There could be several reasons for there being two unobserved ALC resonances. It could be that the formation probability for these two is significantly smaller than the observed resonances, which may simply be related to it not being energetically favourable to bond there. This would result in a small amplitude, resulting in a potentially unobservable ALC resonance. The missing resonances could also have hyperfine coupling parameters that are similar to one or more of the others, resulting in more than one ALC merging or overlapping. Finally, there could be additional ALCs at higher fields that are as-yet undiscovered.
Results and discussion
As is expected in the limit of a temperature dependent eSR, the low temperature data have roughly all the same amplitudes [5, 10] . However, in contrast to the previously published results in the TES and metal Xq3 series [5] , the ALC amplitude at 300 K does not follow a strong trend as the mass of the substituent is increased. Since the amplitude of the ALC is strongly related to the eSR, with the amplitude being roughly proportional to eSR below around 1 MHz, this first observation of the spectra suggests that the eSR either slightly falls as a function of increasing mass of the substituent or it remains roughly the same. This is not indicative of a spin orbit mediated mechanism for eSR, as previously reported in similar molecules [5] . Given the complexity of the spectra in Fig. 2 , it is more informative to model the resonances to extract the eSR. The extracted hyperfine coupling constants and eSR values for 10 K and 300 K are shown in Table 1 .
With the same methodology used previously [5] [6] [7] , we have plotted the average eSR extracted from the ALCs in the ADT series as a function of atomic number, Z, of the substituted atom (C, Si and Ge). This is shown in the inset to Fig. 3a , where it can be seen that there is very little change as a function of Z of the substituted atom, within the error of the measurement. This is inconsistent with the Z dependence of eSR in the Xq3 and TES series, where a significant rise is observed as the atomic number of the substituent atom is increased, as a result of the spin orbit interaction driving eSR. This inconsistency is relatively easy to explain. It is related to the position of the substituted atom on the ADT molecule (the side group) in relation to the location of the electronic wavefunction, which will be predominantly located on the back bone of the molecule, with very little spin density on the side groups. To demonstrate this further, we have performed DFT calculations of the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO, respectively) of the series of molecules, using B3LYP/6-31G(d) with the GAMESS software package [17] , shown in Fig. 3(b)-(d) . We can come to two conclusions from these calculations. Firstly, there is very little difference in the HOMO or LUMO in the three molecules. Secondly, hardly any spin density exists from the HOMO or LUMO on the side groups, and we would expect that the muonium electron (in a singularly occupied molecular orbital) to be similar. This supports our conclusion that we would not expect there to be much change in the eSR as in the different molecules, even if the underlying mechanism is from the spin orbit interaction. In the previously reported study, the substitution was on the backbone of the TES series and in the centre of the Xq3 series, so the electronic wavefunction had significant overlap with the substituted atom. It Table 1 Simulation parameters for the three samples, TBu-ADT, TMS-ADT and TGe-ADT. F is the weighting in %, and the hyperfine coupling parameters (A: isotropic; D1/D2: anisotropic) and electron spin relaxation rate (eSR) are given in MHz. Errors are estimated from the sensitivity of the simulation on parameters, statistical error bars of the data, and accuracy of the background subtraction. is therefore more appropriate to plot this against the atomic number of the heaviest atom on the backbone, in this case S, as shown in the main panel of Fig. 3(a) . This fits very nicely on the trend.
Conclusions
We have reported eSR measurements on a molecular series based on an anthradithiophene, with targeted chemical substitution on the side groups. We found very little change in the average eSR as the mass of the substituent atom increases, which can be explained by the electronic wavefunction being mainly located on the backbone of the molecule, which does not undergo any changes in the series. There is therefore very little electronic wavefunction overlap with the substituted atom on the side group, such that substituting one of the atoms with a heavier species does not significantly increase the spin orbit interaction, which has been shown to be a very effective mechanism of eSR in organic molecules [5] . Fig. 3. (a) The average eSR of the ADT series plotted against the atomic number of the back-bone heaviest atom (Sulphur), which shows excellent agreement with the previously published trend in the average eSR of two other organic semiconductors [5] . Inset: no Z dependence of the average eSR is observed when plotted against the substituted atom of the ADT series. (b)-(d) The HOMO and LUMO levels of the three molecules in the series.
